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FOREWORD
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ABSTRACT

The effects of notches on the tensile strength of brittle materials were
determined experimentally, and the Weibull volume theory was usod in
conjunction with Neuber stress distributions to examine the results. The
experimental portion was performedon a gas-bearing tensile facility. The
primary material used was hot pressed alumina made by Avco. The effects
of notches on graphite were alsoinvestigated to a lesser degree.

The results showed that notches affected the nominal strength of alumina
considerably and that for severe notches the effect was greater for larger
specimens. The 7ailure stresses predicted by the Neuber analysis were in fair
agreement with the strengths predicted by the Weibull volume analysis when
the volume was defined as that encapsulating the material subjected to 50 percent.
of the peak stress. It is postulated that irreversible damage occurs at above,
50 percent of ultimate for these types of materials. This event may permit
local stress relief. At the roots of the notches, theoretical strengths of over
80, 000 psi were obtained. Nominal tensile and flexural strengths on regular
specimens were of the order of 42, 000 psi and 36, 000 psi, respectively, for
the minimum volumes tested. Evidence was obtained that the fracture source
may exist internally on this material at surface finishes finer than 25 rms.

Notches also reduced considerably the strength of graphite at 70*F and
40000F, but not at 5000°Fo where the effect of the stress concentration was
negated by the "ductile like" behavior of the material.

This abstract is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior

approval of the Metals and Ceramics Division (MAM), Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio 45433.
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INTRODUCTION V

This is the final summary report under Contract No. AF33(615)-1690
Modification No. 5A5(67-623) to extend the research on the experimental
clarification of Weibull's volume effect theory on brittle materials and include
notch effects. The alumina specimens for this program were prepared from
the end sections of specimens used under an earlier program reported in, AFML-
T1 -66-228. This alumina was a hot pressed material prepared by Avco. ATJ
graphite was used to study the notch effects on a semibrittle material and
provide a guide to the study on alumina.

The gas-bearing was used for all tensile evaluations. The flexural apparatus
used in this work was designed to eliminate all major problems in flexural
measurements such as friction at the load points and misalignments. Twenty-
seven roller bearings were used in the design. As a result of this-care, it seems
that better agreement between tensile and flexural results was obtained.

The program essentially was dividedinto two phases. Phase I was -the
continuation of a study using ATJ graphite to determine the effects of notches
on graphites and to provide information on the number of specimens required
to forecast accurately an average ultimate.strength, standard deviation, and
coefficient of variation. Investigations were also made into the effect of specimen
lot size on the Weibull parameters. The results of the Phase I study showed that
notches did effect appreciably the strength of the graphite at 70OF and 40000F,
but that at 50009F (where the material is more plastic) the effect of the notch
was reduced considerably. The results of the study to determine the number
of specimens needed to characterize statistically the tensile strength of graphite
showed that 30 specimens could be used With good accuracy and that more than
30 did not increase appreciably this accuracy. As few as 5 specimens would be
sufficient for many applications.

Phase H of this program was the study of notch effects on alumina. To
carry out, the intents and purposes of this part of the program, alumina specimens
of two different sizes were us3d. There were 48 small and 53 large ones. Notches
with two different surface finishes were machined into these specimens to provide
stress concentration factors of 3, 5, and 8 for each size. To aid in reducing
the.data, 10 uniform tensile specimens with two different surface finishes and
20 flexural specimens with two different surface finishes were evaluated. The
surface finishes of the polished specimens were about 8 rms, and the as ground
specimens had a finish of about 25 rms.



Results of the Phase II investigations showed that notches did affect the
strength of the alumina specimens. Reasonable agreements were obtained between
the Neuber stresses in the notched specimens and the Weibull strengths found for
the uniform tensile specimens as reported-in AFML-TlI-66-228. That is, stresses
as high as 80, 000 psi were imposed on volumes, where the WeibulU analysis pre-
dicted strengths of about 110, 000 psi.

For the notches, it was necessary to define a volume subjected to a given
stress or stress range in order to interrelate the Neuber stress and Weibull
strength analyses. For a first comparison, the volume was selected from
geometric considerations as the material outlined by extensions of the sides of
the notches. With this assumption, the agreement between the Neuber stress

I and the Weibull strength Was poor. However, the agreement became much
better when the volume was defined as that material subjected to half of the Neuber
peak stress. Since other work here had indicated that aluminas and beryllias
had a "damage stress" at about 50 percent of the ultimate sreigth, this, method
of defining the volume -seemed consistent. A tensile specimen of this alumina
was then cycled at increasing stress, levels and broke when the cyclic stress
reached'55 percent of normal ultimate. Perhaps this is a fortuitous agreement,
but it -provided confidence in the method of selecting volume. As further
confirmation, this treatment of volume for the flexural specimen providedcon-
Sistency with the curve obtained for strength versus volume for the tensile
specimens. A brief study-of surface finish was made on the notches and regular
specimens. Improving the finish from 25 rms to 5 rms had little influe,.e on the
strength of either suggesting that the fracture may, be initiating internally for the
finer finishes as has been hoped for this program. Earlier work had shown, that
surface finishes rougher than 30 rms did reduce the strength appreciably.

Normally, standard deviations should be plotted on curves relating
variables. In this report, this procedure was not followed because most figures
contain either the data points or comparison of so many averages that the symbols
for standard deviation confused the appearance. The important standard
deviations are in the text or tables.

APPARATUS

Tensile Apparatus

All of the tensile runs were performed in a gas-bearing tensile facility.
A typical facility is shown in Figure 1. The facility consisted primarily of the
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load frame, gas-bearings, load train, mechanical drive system, and instruments
for the measurement of load-time to failure. A 5500°F graphite resistance
furnace was used to provide heating for the high temperature evaluations.

Load-Frame - The load frame was similar to most standard tensile
frames with some modifications to accommodate the gas-bearings. Four
steel columns supported-the top and bottom base plates. These base plates
contained sleeves and journals to align the upper and lower crossheads. A
centrally located journal in each base plate accepted a partially threaded column
of a precision mechanical screw jack which was secured to the base plate and
imparted motion to the crossheads. The crossheads supported the gas-bearings
and the load train.

Gas-Bearings - Spherical gas-I arings were employed for the tensile
evaluations. Each bearing had a diameter of about 9 inches. This size bearing
is sufficient to provide a load capacity of 15, 000 pounds when an effective pressure
of approximately 1200 psig is maintained within the annulus supplying the bearing
nozzles. Gas is supplied by means of a manifold of eight commercial nitrogen
cylinders controlled by a high capacity regulator.

This gas was metered by a conventional orifice run that incorporated

flange taps and a differential pressure gage. In order to control flow, a hand-
operated valve to each bearing was provided downstream of the meter run. Bleed
valves also were provided to release the pressure on the gas lines and to float
the bearing with a maximum control sensitivity. Flexible hoses were used as the
link from the piping to the gas-bearings. These hoses imposed no external force
on the specimen since they were not attached to the floating part (ball).

Flowmeters, pressure gages, electrical indicators to warn of bearing
contact, and other instruments were provided as necessary and were chosen for
their ability to provide accurate data while not encumbering the facility.

Load Train - The load train, see Figure 2, consisted of pull rods, load
cell, and specimen grips. A standard 1000 pounds SR-4 Baldwin, type U-1 load
cell, stated by the manufacturer to be ac -urate within + J percent of capacity,
was used for testing the graphite and small alumina specimens. This load cell,
as received from the manufacturer, caused misalignments within the load train
and bending stresses within the specimen. These misalignments were caused
by an off-center weight in the load cell and by the failure of the threaded holes
in each end to align on a common centerline. The off-center weight was
balanced by a counter-weight and the misalignment of the centerlines of the holes
was corrected by machining special adapters for the holes.

3
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The load cell for the large alumina specimens was made by placing
strain gages on the steel pull rod from the upper gas-bearing. These strain
gages were calibrated in a standard Tinius-Olsen facility using also a standard
Baldwin SR-4 5000 pounds load cell as acheck up to 5000 pounds.

Two types of grips were used on this program. For the graphite and
uniform tensile specimens, a collet-type grip was used; see Figure 3. As the
compression nut was advanced,. the three-piece compression ring performed
two functions. It moved into the groove in the test specimen providing the
gripping force required and uniaxial alignment while also forcing together the
ground end faces of the test specimen and extension rod to provide parallel
axial alignment. Consideration of this grip design and observation of the per-
formance confirmed that alignment was a function only of the precision to which
the parts were machined.

Because of the necessary size of the notched alumina specimens, special
grips were used. These grips Were sleeve-type precision grips. Those ends

j of the grips whicL. accepted the pull rods from the gas-bearings were machined
to within 0. 0005 inches of the diameters of the individual pull rods, and the
connections between the pull rods and the grips were made with J- inch steel pins.
The other ends of the grips accepted sleeves that had been epoxyed onto the
shanks of the specimen. These sleeves were machined to concentricity within
0. 0005 inches and the inside diameter was machined 0. 001 inches over the size
of the specimen to allow for a thin epoxy film. The connections between each
sleeve and the grip were made with . inch steelpins.

IMechanical Drive System - Separate mechanical drive systems were
provided-for the upper and lower crossheads. The mechanical drive system
for the upper crosshead consisted of a simple reversible electric motor coupled
to the mechanical screw jack. The electric motor can be seen on the top base
plate of the load frame; see Figure 1. Push-button control switches (og or
non-holding) were mounted on the load frame. This system had a rather fast
rate of travel and was normally used in positioning the load train for installation

t of the specimen.

The mechanical drive system for the lower crosshead consisted of a
precision mechanical screw jack,.chain driven by a gear reducer. The gear re-
ducer was driven by an Allispede unit (300-3000 rpm). With a 1025/1 gear
reducer and different sprocket ratios, this system was capable of providing
crosshead rates of from 0. 006 in. /min to 0. 70 in. /min. Different crosshead
rates within this range were obtained by varying the speed setting on the
Allispede Unit. By substituting another gear reducer, a different range of
crosshead rates could be obtained.

4
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The mechanical drive system for the lower crosshead had a relatively V
short travel and was used normally for applyixg, the load or for making small
changes in positioning the load train. The control switches for this system j, J
were mounted on the panel board and were the push-button (holding) type.

Both mechanical drive systems had limit switches to prevent overtravel
of the crossheads. The upper crosshead also-had positive stops to prevent the A
crosshead from falling should the limit switches fail to operate.'

Instrumentation - Instrumentation consisted of the load cell, a constant

d. c. voltage power supply, and a Moseley "Autograf" X-Y time recorder.

The load cell received a constant d. c. voltage input from the power supply
and transmitted a millivolt signal directly proportional to the load to the recorder,
thus providing a continuous plot of stress-time to failure.

Prior to beginning the initial run of this program, the small load cell
was calibrated to dead weights. The load measuring system was calibrated
in place periodically thereafter, again by hanging dead weights from the load
cell.

55000 F Furnace - Figure 4 is a drawing of a 5500 F furnace employed
for the high temperature graphite evaluations. The furnace consists of a
resistively heated graphite element insulated from a water-cooled shell by
thermatomic carbon. The furnace and. specimen are purged with helium to
provide an inert atmosphere. Ports with visual openings are provided on
opposite sides of the furnace as a means of allowing strain analyzers to view
gage flags on the specimens. Specimen temperatures are determined by optical
pyrometer readings taken through another small sight port containing a sapphire
window. A calibration curve was established for the loss through the sapphire
window, and since the furnace cavity acts essentially as a blackbody, true
temperature readings are obtained. Power is supplied to the heating element
by means of 25 KVA variable transformer.

Flexural Apparatus - 'The flexural runs were conducted in a room temperature
flexural apparatus designed to accommodate any specimen distortions and
friction of the loading parts. This apparatus utilizes four-point loading and the
load spans are 4 inches by 2 inches. Figure 5 is a schematic of the apparatus.
In all there are 27 sets of bearings in the apparatus to eliminate friction, provide
alignment within I mil, and allow for specimen warpage. In typical alumina

5
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specimens the normti MOR value as calculated could be 5 to 10 percent high
for friction, 5 to 10 percent .low for alignment and 5 to 10 percent low for warpage.
Wedging would not be a prdblem for breaks in the gage length since this was a

lo four point apparatuis

Loading of the flexural fixture was accomplished in a Tinius-Olsen Universal

Testing Mahinei On :several specimens, midpoint deflection was nonitored

with a dial gage.. Loading was done incrementilly and dial gage readings were taken
at each load level.

Nominal specimen dimensions were -f inch by :. inch.

SPECIMEN MATERIAL AND PREPARATION

The tWo'materials used-for this program were ATJ graphite and high purity
alumina. Both of these same materials were used in the earlier study under
.Contract No. AF33(615)-1690, and at that time an extensive study was made of
the materials. The graphite specimens for this program were taken from the
remaining billet of the two original 13 inch diameter by 14 inch long billets, and
the alumina specimens were prepared from the end sections of some of the
original alumina tensile specimens.

ATJ Graphite

The ATJ graphite specimens were machined from a billet 13 inch in
diameter by 14 inch long prepared by National Carbon Company. The billets of
this size were selected for the original program since they felt that it would be
the most reproducible and the best quality that couldbe obtained.

The density of each specimen was checked to determine the consistency

of the material. This was accomplished by cutting constant diameter rods of
fixed lengths (specimen blanks) and measuring the density of these rods. The
density values are given in Tables 1 and 2 along with other data tl.It will be
discussed later. As can be seen the density values were fairly consistent rauging
from 1.680 gm/cc to 1.745 gm/cc. The density values of the specimens reported
in AFML-TR-66-228 ranged from 1.74 gm/cc to 1.78 gm/cc. The differences
in the ranges of density values were attributed to the differences in the billets
and the differences in the cutting plans.

- t The graphite specimens were machined from the billets in such a way so

that a maximum number of specimens could be obtained per unit of material
while insuring the best consistency from specimen to specimen. The cutting

,A 6
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plans for the graphite specimens from the billet are shown in Figures 6 and 7. A * 1

specimen number was devised to identify each specimen as to its location within I'

the billet. Consider the number A-i-7
A - slab designation (Figure 6) 4

i - location with respect to a circle of radius equal to one-fourth of the
billet diameter and the outside diameter; i - inside D/4 radius, c -

centered on D/4 radius, m - middle; e - nearest outside edge (Figure 7)
7 - location with respect to reference axis (Figure 7).

The study carried out with the graphite specimens was a continuation of the
graphite work in AFML-TR-66-228 and paralleled the work done on alumina in both
AFML-TR -66-228 and this report.

A total of 119 graphite tensile specimens were employed for this phase of
the program. Of these 119 specimens 84 had a uniform gage section, Figure 8,
28 had a notch machined into the gage section, Figure 9. and 7 specimens had
a square cross-section in the gage. The square specimen's gage section was 0.250
inch square by 1.00 inch long. From the 84 uniform gage tensile specimens, 55
yielded room temperature data, 13 for high temperature (40008F and 50000F), 6
were broken in handling, and 14 failed outside the gage section. The data from these
14 specimens were not used in the analysis.

The 14 specimens that failed out of the gage section represent about 17
percent of the total number of uniform tensile specimens that were evaluated.
These were more specimens than normally fail in this area. It was noted that
several of the specimens fractured in what appeared to be isolated porous regions A

of the material; however, there was not apparent explanation, such as a visible
internal flaw, for the majority of the radius breaks.

Of the 28 notched specimens, 9 were evaluated at room temperature, 14 at
elevated temperatures (40000F and 50000F) and 5 were broken inadvertently in
handling. Of the 7 square specimens, 5 failed in the gage and 2 failed in the radii.
All of the square specimens were evaluated at room temperature.

Alumina

The alumina specimens were machined from the end sections of specimens
used in a prior program. The data for the original specimens were reported in
AFML-TR-66-228. Typical specimens whose end sections were used are shown
in Figures 10 and 11.

The original alumina body was hot pressed by Avco corporation from Linde
"A" grade powder. A total of 24 tiles (12" x 12" x 1* ") were prepared by a bot
pressing technique using graphite dies at a temperature of 1525 0C and a pressure
of 2000 psi.

t7



The original alumina tensile specimens machined from these tiles exhibited

a wide spread in strength values. This spread motivated a close study of the

material which has been reported in AFML-TR -66-228 and will not be repeated

here. Figure 12 is a plot of tensile strength versus tile number tor the original

specimens. The specimens for this program were taken from the cnd sections

of specimens from tiles 770, 774, 790, 800, 808, and 826. The tiles were

selected so that the effect of material variability would be negated as, much as

possible.

A total of six configurations (types) of alumina specimens were evaluated
under this program. The specimens can be generally classified under two types,

small and large, and-there were three variations of each type. In order to prevent

confusion, the specimen types were labeled S3, S5, 88, L3, L5, and L8 where S
signified small and L large, and the number following the Sor L, was the stress

concentration factor for the notch in the specimen. Figures 13 and 14 show
pictorially the differences bet% cn the large and small specimens and the differences

between specimens of the same size but different notch configurations.

The specimens, whichwere machined at Southern Hesearch, had the con-

figurations shown in Figures 15 and 16. All specimens were machined with
diamond grinding wheels. Special diamond wheels as small as 0.004 inch thick

were ased to machine the small notches. A 20:1 optical comparator was used to

examine each notch after it was machined, and these examinations showed that

the notch very closely resembled the desired configuration. Only very slight

wallowing was detected and could be seen only at the top of the notch.

One half of the specimens were polished in the notch section. Polishing

was accomplished using a cotton string charged with nine micron diamond dust.

The specimens were turned in a lathe while the string was held taut in the notch.

Preliminary tests showed that about 10 minutes of polishing time was required to

obtain a good polished surface. There was no way to measure the actual surface

finish because of the small area involved. Estimates were made by comparing
optically the finishes to known finishes on the same material. The polished
specimens had a surface finish of about 10 rms and the as ground finish was
from 20-25 rms.

A total of 101 notched alumina specimens were used in this program. These
were distributed as follows:

Type S3 - As Ground 9 Specimens
Polished 7 Specimens
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Type $5 A-lAs Ground, §,Specimens .
,P01is had 80 Specimens,

Type 8 -As Ground .9 Specimensi
SPolished- 8 Specins

Typp L3 - As, Ground 9'Specimens
Polished 9 Specimens

Typ~e L5 - As Ground 8 Specimens
Polished, 8.Specimens

Type L8 - As Ground 11,Specimens
Polished 8 Specimens

This distribution provided common stress concentrations between two different4
sizes-,0f Specimen and two, different surface finishes.

B-eb-ui -ttheTnecpe_4y sies of the specimens, see Figures 15 and 16,
special provisions for gripping t hd'obe made. Precision collets were
machiTed whichywere epoxydto the ends of the specimens. The collets were
then griped using a pin connection. Fir 17 is a schematic showing the

;gripping, arrangement. The internal diameter of the collet was machined to within
'0.001 inch of the specimen and the outside diameter was machined concentric
withinT the inside diameter to within 0.0005 inch. The collets and specimens were

assembled in a set -of ground V-blocks.

In addition to the notched specimens, 10 specimens of the type shown in
Figure 18 and 20T flexural specimens were machined. The tensile specimens

were used "to examine the effects of surface finish (in the range of good finishes
at befer than 30 rms) and the flexural specimens were employed to provide a
different stress gradient. It was not possible to be as selective in the choice of
material for these specibens because of the size requirements.

Selectionof Notch Configurations -Notches were machined in both graphite
and alumina specimens. Factors affectng the selection of the notch size and
shape weire:

Fu1. Available specimen sizes
abt2. Material to e machined and equipment available to perform the machining

3. Amenabii r of configuration to analysis w

9



The alumina specimens were fabricated from the end sections of -specimens
used under a prior program. The nominal dimensions of the ,sections were 1 inch
diameter by 3 inches long for the large specimens and j inch diameter by li inch
long for the small specimens. Although there was additional material on the end
sections, it was undesirable to use this material since it had been, in effect, proof
tested.

Notches which gave three stress concentration factors were machined in

both the large and small specimens. The depth of the notch- was to be ,no greater
than one-tenth the diameter of the gage section of the specimen.. The diameter of
the small specimens was selected to be 0.250 inch so that the depth of the notch

- could not exceed 0.025 inch.

By machining a notch- 0.024 inch deep by 0.004 inch wide with a 0.002 inch
radius, a stress concentration of 8 could be obtained. A diamond wheel would

grind these notch dimensions. Preliminary tests with the grinding wheel indicated
the notch could be ground successfully in the alumina specimens.

To obtain a range of stress e-oncentration factors, notQh radii Were.
calculated for stress concentration factors of 3 and kalways maintaining the same

notch depth of 0. 024 inch on the small specimens.I The gage diameter of the large specimens was set at 0.625 inch and the
notch depth at 0. 063 ,'r-h. Notch radii were employed that gave stress concentration

factors of 3, 5, and 8 as before.

These notches had sharp outer corners which are not compatible with
Neuber's assumptions for his theoretical stress distribution.; however, observing

* Figure 19 it can be seen that the curves giving the stress concentration factors
for notches with smooth and sharp center corners are fairly close together so
that the analysis was not affected adversely.

THEORETICAL CONSIDERATIONS

It is impossible to state an exact value for the ultimate strength of a material
since some scatter will result from repetition of experimental measurement,
regardless of how closely the procedure is duplicated. In some cases the data
scatter is considerable. Weibull (1, 2) recognized this fact and reasoned that it
should be po-sible to use the elementary theories of probability and statistics to
determine the probability that a given stress conditions would produce fracture.

10
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Accordihg to Weibull's theoryj a random distribution of flaws exists in each
material and the probability that a given stress environment. will cause fracture
depends 'on' the. volume of the body, the state of stress, and certain constants
associated with the material.

For a uniform tensile specimen where the stress condition and-volume

under stress are well defined,. Weibull's theory can be expressed rather simply
once, a material function is assumed. Weibull assumed a material- function. of
the form n~In

n(oa) VCau)

where m, au, and a'd are constants. The strength volume relationship for
uniform tensile specimens then becomes 1

a- -

A program. carried out by this laboratory to determine experimentally
whether or' not Weibull' s theory would be applicable to a brittle material such
as hot-pressed alumina showed that there was definitely a volume effect, but
that for the particular material the values of m a u , and ado were not constant.
These findings were reported in AFML-TR -66-228.

When the stress field is not uniform, as in the case of a notch tensile
specimen or a flexural specimen then it is not clear what volume should be
used when determining the probability of fracture for a given stress condition.
Also, since the stress is not uniform it is not readily apparent what value of
stress should be used if an equation like the one above is to be used.

The stress distributions developed by Neuber were used in conjunction with
the Weibull theory to gain some insight into the relationships between stress,
stress gradients and volume for brittle materials. This will be discussed further.

i Synopsis of Weibull's Theory

The distribution function for the probability of fracture, derived by
Weibull, based on the "weakest link" theory of fracture is

-B:. S--1 -e (1)

S 1 e

A-
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where S is the probability of fracture and B is defined as the risk of fracture.
B is a function of the stress and for a uniform stress is proportional to the volume.
F&i' an .arbitrary distribution of stress in an isotropic body, the risk of fracture
is';given by

B j Jn ()dv (2)

where denotes a volume 'integral and n(a) is the function which expresses the
dependence of the risk of fracture on the stress, a # The function n(a) is
independent of position and the direction of the stress.

If the material is an nisotropic one, n(r) will be a function of the stress,
the coordinates, and possibly of the direction of the stress. Weibull indicates
that in.many cases an apparent departure from isotropy may be due simply to a
difference in the material properties on-the surface and the interior of the material
as a result of the method of manufacture of the material. In this case B could be
represented by

B =f,(a) dv + fn(a) d (3)
v A

where-ne(o) is the material function for he interior of the body, n2 (a) is the
material function-for the surface and f an area integral.. The form for n(a)
most frequently used is 7 m

n(or) 3 o ' (4)

According to Weibull (3) the only merit of this formula for n(a) is to be found in
the fact that it is the simplest mathematical expression of the appropriate form
which satisfies certain necessary conditions. Also experience has shown that,
in many cases, it fits the observations better than any other known functions.

Now B'becomes, for a uniform stress. distribution,

orJ orU dv (5)

where

= actual fracture stress of specimen
lu = a stress below which fracture cannot occur
Oro = a normalizing factor

12
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in = constant representative of the flaw density of the material

Substitution of Equation 5 into Equafion 1 yields:

, ~S -exp dv]l(6
dv(6

Let B. be the risk of fracture under given set of circumstances for Specimen
1 and B2 be the corresponding values for Specimen 2. Now by requiring that the
two specimens have the same probability of fracture for a given loading condition,
the equation

o , - a 4dV = a2r - O u

dV IV;Cu dV (7)

results. For two uniform tensile specimens where o, and 0. are the average
tensile strengths the equation reduces to

I

For non-uniform stress fields Equation 7 must be used unless some
"characteristic" stress and volume, which relate to say the uniform tensile

specimen, can be determined.

Synopsis of Neuber Relationships (4)

The relationships to be discussed here are for a notched tensile specimen
loaded uniaxially. In order to keep the mathematical analysis relatively simple
only the two-dimensional case has been considered.

Because the problem has been considered as a two-dimensional one, the
model is a thin bar with a shallow notch on each side, Figure 20. In order to more
easily define the geometric restrictions created by the notch, it is convenient to
employ a coordinate system different from the usual x-y coordinate system. The
one used by Neuber is defined by the equations:

x - + +X=U+ V2
Ua+VU

v
y=v- u2 +V2 (9)

I 13
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For large values of u or v the coo dinate lines u = constant and v = constant
approach the x-y coordinate lines; that is to say, the u-v coordinates -practically

coincide with the x-y coordinates except in the vicinity of the notch, see Figure
21. The value of u which is to be definitive for the edge of the notch will be
designated uo . The depth of the notch, t, which results from the difference in x

at the base of the notch (u, v) = (uo , o) and at a great distance away from the
notch (u, v) = (uo , ao).

I1
t - =Uo UO UO

=0 (10)

The curvature is given by the expression

p O s (11)

where 0 is the angle of the curve tangent to a fixed, direction, p is the radius
of curvhtdre, and- ds is an element of arc length on the curve. For the coordinatesystem under consideration, it can be shown that at the root of the notch

12 u0-1 u(12)

The notch curvature, defined to be t/p, is given by

t 2
p (1-uo 32 (13)

iii
To determine the stress distribution, Neuber used his three-function theory.

The general procedures for his method are outlined in the Appendix and will not
be repeated here. In terms of the u-v coordinates the stress function used by
Neuber was

2n (uU )2  ( ]
F(u, v)= L " -I1(u " 'T vj (14)

where on is the nominal stress across an unnotched portion of the specimen. lae
normal stress 7u and ov then may be written in terms of the derivatives of F(u, v).

1 j OF 1 Oh OF

av = h au h 'O +hj" vi7v (15)
14



where au -and ov are the stresses normal to the lines u -constant, and v =
constant respectively, and h is the factor of distortion (see Appendix) for the
particular coordinate system.

2v2 - 2u 2 + 1

h =1 + (u2 +v,) (16)

The stress at the root of the notch is given by the equation

u(2u 2 + 1)
= (2.Uo2 1) (Uo2/ -1)' (17)

v=0

Now from Equation 13 we can write

u2=1+i

so that the stress concentration factor rv can be written
an

4 i

Ktav 37 t- + 2-F\/i t
n 2p

The dashed curvetin Figure 19 shows the stress concentration factor, Kt versus
notch curvature, - , plotted from the above equation. Included on the graph is
the same plot forpnotches with sharp outer corners obtained by Neuber using an
approximate technique.

DATA AND BESULTS

Graphite

The results for the ATJ graphite are given in Tables 1, 2, and 3 and
Figures 22 through 29.

For the uniform tensile specimens evaluated at room temperature, the
densities varied from 1.685 gm/cm3 to 1. 760 gm/cm3 and the tensile strengths
ranged from 3190 psi to 4640 psi. Strength versus density is plotted in Figure
22 for these specimens. The method of least squares was used to determine the
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straight line that best described the data points. This line is shown plotted in
Figure 22. Note that this line has a positive slope indicating that the tensile
strength increased with increasing density; however, a statistical analysis
revealed that the correlation between strength and density was not significant.
In other words, there was no definite relationship between strength and density.

The average strength of the uniform tensile specimens at room temperature
was 3950 psi. This value compared favorably with the values of 4250 psi, 3940
psi, 4070 psi, and 4160 psi for specimens having the same volume whose data
were reported in AFML-TR-66-228.

Using these room temperature data, a study of the number of specimens
needed for an accurate determination of the material characteristics was

-carried out. The method of -the study was to select random subsets of the tensile
strengths of size N. That is, there were "N" number of coupons in each subset.
The strength values from each of these subsets were used to calculate the average
tensile strength, the standard deviation, the coefficient of variations, and the
Weibull material parameters. The values of N used were 10, 15, 20, 30, and 40,
and five subsets of each size were selected.

The results are presented in Table. 3 and Figures 23 and 24. Figure 23
shows that the average tensile strength when calculated with as few as 10 values
fell within 5 percent of the average strength calculated when all 55 values were
used. Also there was no advantage ir providing 40 tensile strength values over
30 values when the main concern was average strength. From Figure 24 it is
seen that the standard deviation was calculated to within about 11 percent with
30 values, and that the use of 40 values did not increase the accuracy by an
appreciable amount.

From these data it appears that a sample size of 30 could be used to
statistically characterize the strength properties of this graphite with good
accuracy and that more values than 30 would not increase the accuracy to any
appreciable degree. As few as 5 samples would be sufficient for many applications.
With 15 samples the tensile strengths were within 2.5 percent of the mean and
the standard deviations were within 19 percent. Another way of considering the
data is to say that for 10 data points, differences in-average strengths of + 4% or
more would be necessary for significan ce. This agrees with the range observed in
AFML-TB -66-228 mentioned earlier.

Table 3 reveals that the range of values obtained for the Weibull parameters
was still considerable with as many as 40 strength values, hence it is impossible
to determine from these data how many values would be required to predict these
numbers with any confidence. That this is true supports the idea that these

16



Weibull parameters m, 0"u and- ao are not truly material parameters or p;rtperties.
The equations

m1
a O + Oo v  !+

122

a = ao V,.( I )

show that the average strength and standard deviation can be expressed as
functions of the m, au, and ro when the Weibull theory is assumed. Thesertes
are the aons once the specimen configuration is

determined. The data have shown that the mean (average) strength 57 is

reasonably constant when as few as 10 values are used for its computation; i
however, the values of m, au, and 0-a are quite inconsistent for this many :values, or even 40 values.

For all of these parameters, the numbers of specimens required for
reasonably accurate values were in fair agreement with the observations for
the alumina specimens reported in AF ML-TR -66-228.

As seen in Table 3, the values for the Weibull parameters calculated
from the 55 strength values were m- = 443 au = 2400 psi and o = 120 psi

Figure 25 is the plot of Log LogN+1 n ]versus Log (a - a u) for these
values. The values m = 4. 43, au = 240 psi and uo = 120 psi were -used in ."
Equation 8 to obtain a strength - volume curve. The curve is shown plotted
in Figure 26 along with the data points reported in ML-TR-66-228. This

curve represents a constant risk of rupture or probability of fracture . The
straight line shown in Figure 26 more nearly agrees with the data, but the
relation describing this straight line cannot be related to the function n()
suggested by Weibull to express the dependence of the risk of fracture on the
stress or.

Consider now the notched tensile graphite specimens. As already

pointed out, the notch configuration used on these specimens gave a theoretical
stress concentration factor of 7.3 at the notch root for a notch with smooth
corners and a stress concentration fact fo W mr a notch with sharp corners.
The nature of the graphite material made it difficult to obtain a true radius
of the desired dimensions at the root of the notch. There was a tendency for
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the grinding v.-heel to wallow when cutting the notch4 Figure 27 is a schematic
H comparing the desired and the actual notch shape that was obtained. Because

the notch was riot as sharp as required for a stress concentration factor of 8,
the stress distribution for a stress concentration factor of 7.3 was used.

Using an unnotched portion of the gage as a reference, the average nominal
strength for the specimens evaluated at room temperature was 1740 Psi (an
1740 psi). If we consider the reduced section as a base, the average nominal
strength was 2690 psi (ar = 2690 psi). Neuber uses an in his stress analyses;
however, it is more appealing from a .. aterial standpoint to employ 'ar. At
4000°F the unifornm specimens had an average strength of 5140 psi and the notched
specimens had a reduced section strength of ar= 3360 psi; at 5000°F the uniform
specimens had an average strength of 6540 psi and the notched specimens had a
reduced section strength of ar = 5700 psi. These data are plotted, in Figure 28.

The notch decreased the nominal strength (ar) of the specimens evaluated
at rdom temperature and 40000F by 32 percent and 34.5 percent, respectively;
whereas, the notch decreased the strength of the specimens evaluated at 5000*F by
only 1Z percent. Thus the notch was as effective as a "strength reducer" at 40000F
as .at room temperature. Considering the stress-strain curves for ATJ graphite
in Figure 29, this was not entirely unexpected, since the stress-strain curves for
'/OOF and 4000°F are very similar with little plastic accommodation. There is
slightly more strain for the 4000°F specimen, but there is also higher modulus.
On this basis one would have to conclude that the material was just as brittle at
40000F as at room temperature.

Still considering Figure 29 we see that 4000°F is about the transition point
from the brittle to "ductile" range. The curve at 4500°F has a lower modulus with
more plastic strain and at 5000°F has still a lower modulus, with considerably more
"plastic" strain. Hence, based on the above observations, one would expect the
notch to be less effective at 50001F which was the case.

The average strength of the five square tensile specimens was 3600 psi.
This point is shown on the strength-volume graph for graphite in Figure 26. Note
this specimen was in the range of volumes where strength appears to be unaffected.
The individual strength values were 3570 psi, 3570 psi, 3810 psi, 3890 psi and
3150 psi. The average of 3600 psi is about 10 percent below the average of the 55
round spe,imens. In a separate controlled study, ten specimens with both square
and round gages in each were tested providing an even distribution of fractures
between the square and round sections. Thus the round section in this experiment
was 221o stronger. Since the prior discussion has shown that graphite is affected
by stress concentrations, the indication is that the square corners of the specimen
provide a type of stress concentration.

To provide further comparison of test methods, strength values for some
floated sleeves and for some flexural specimens are shown on Figure 26. A
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description of the apparatus for the floated sleeves and the data are given in the H

Appendix. The ten flexural runs were made on the roller-flexural apparatus
described previously. The values for the sleeves (3490 psi) were lower than for j
the round specimens (3960 psi for equivalent volume) and in close agreement
with the square tensile ones (3600 psi); however, comparative sleeve data confirmed
the volume effect even for them. The values for the flexural specimens were higher
(4550 psi) in spite of the sharp corners, probably because of stress -iblunting,
difference in compressive and tensile elastic modulus or nonelastic behavior, and

shift in the force center (see Appendix C). Of course, the sharp corners in a
flexural specimen would not distort the strain lines as for a rod or ring. The stress
gradient in a flexural specimen is so steep that meaningful analyses remain. for
proof.

A lumina

The results of the evaluations on the alumina specimens are presented in
Tables 4 through 7 and Figures 30 through 38..

Surface Finish Effects - Figure 30 is a plot of the nominal tensile strength
(an) versus stress concentration factor for all of the notched alumina specimens.
Viewing this figure along with Table 4 we see that surface finish had a minor roll
in the outcome of the results for the notched specimens.

Ten specimens without notches were explored to see if a difference of 25
and 5 rms should influence the strength (recall that rougher finishes reduced the
strength). Oi chese ten, five were in the as ground condition and five were
polished. The as ground specimens had surface finishes in the range from 23 to
27 rms (profilometer in all cases). The polished specimens had surface finishes
from 4 to 8 rms. The results of these evaluations are presented in Table 5. The
polished specimens with 4 to 8 rms had an average strength of 38, 000 psi with a
high value of 40,500 psi and a low value of 36, 000 psi. The as ground specimens
with 23 to 27 rms had an average strength of 39, 100 psi with extreme values of
41, 800 psi and 35, 000 psi. Thus the rougher as ground specimens were a little
stronger than the polished ones; however, the difference was not significant and
one would have to conclude that surface finish did not affect the tensile strength
over the range of surface finishes (all good) considered for unnotched specimens.
The thought occurs that after a surface finish becomes sufficiently fine, the
fracture is initiated internally and, indeed, volume effects are controlling.

In addition to the tensile specimens used for the surface finish evaluations,
20 flexural specimens were evaluated. These 20 specimens were divided into
four equal groups of five. The groups were provided by using two different surface
finishes, as ground (25 rms) and polished (8 rms), and by providing 10 of the
specimens with sharp corners on the tensile sida and 10 specimens with rounded
corners on the tensile side. Thus the four groups were (1) polished round corners,

(2) polished square corners, (3) as ground round corners, and (4) as ground
square corners.

The results of these evaluations are given in Table 6. For the specimens
with square corners the polished specimens had a slightly higher strength of 36, 200
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psi than the as ground specimens with 35, 000 psi; fd: the specimens with rouided
corners, the polished ones were again slightly stronger at 35, 700 ,psi thn the as
ground ones at 34,600 psi. As secn, the difference Was not significant (3 percent)
so that surface finish (within this range-all good finishes) did not affect the flexural
results significantly. The condition of the corners, s4uare or rounded, did not

affect the data significantly. This may be consistent with the results on surface
finish since rough corners would introduce cracks and, Stress concentrations in much
the same way as a poor surface finish would. Further, the flexural strengths of
these specimens were rather close to the tensile strengths (gas-.bed-ring) of the parent
specimens from which they were removed. Pecall that square graphite. tensile
specimens were 10 percent weaker than round ones. Perhaps the small grain size
and good finishes for the alumina minimized the corner effects.

Notch Effects - The effect of notches on brittle materials is considered
sometimes as an extension of surface finish effects. Data taken by this laboratory
on another alumina have shown considerable dependence between strength atnd

surface finish. These earlier data, shown in Figure 31, are for a much wider
range of surface finishes than were considered'.here. Note the similarity between
this figure and Figure 30 which was the plot of strength versus stress concentration
factor.

However, for a brittle material, such as alumina, there are other test
"conditions" that need to be considered along with surface finish- Some of these
conditions are not considered when dealing with ductile materials. One of these
in particular is volume. The results reported in AFML-TR-66-228 show that the
strength of at least some brittle materials (hot-pressed alumina) does depend on
the volume under stress. The consideration of notch effects and volume effects
jointly presents a very difficult design problem which will not -be solved easily.

There are two major contentions on the effects of notches (stress con-
centrations) on brittle materials. These are:

1. Brittle materials are highly sensitive to notches because there is no
plastic flow, and hence no local stress relief can take place in the
areas of severe changes in geometry.

2. Brittle materials are relatively insensitive to notches because they
already contain stress raisers which may be an order of magnitude
greater than can be artifically induced.

The overall results of this investigation have shown that brittle materials
are sensitive to notches, but not as sensitive as predicted by the contention of no

plastic flow. That is, the volume effect may control.

Let us consider the general effects of the notches used on the various
specimens in this program before proceeding on to a more detailed analysis.
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For the purposes of discussion, a volume needs be considJredthat is characteristic
ceach specimen type. The volumeto be considered here i, that reduced section

of the specimen created by the presence of the notch. It is the volume of a disc
Whose diameter is equal to the-diameter of the reduced sectioni and whose thickness
is equal to the Width of the notch, see Figure 32.

Figure 33 is a plot -of strength versus volume showing the dati. from the
original tensile specimens reported in AFML-TR -66-228. These data are
representedby the circles. There -re also three curves shown on the graph.
One is the best straight line fit for the oikiginal data. The other two are curves
showing the strehgth-volume relatioAship for uniform tensile specimens of
Equation 8'. The constants used in this rplationship were determined from two
different sets of ultimate strengths frrm specimens having two different volumes.
The computation of these constants-w s reported in AFML-TH-66-228.

On Figure 33 points.-are plotted lor each of the notched specimens where the
strength value used was the tensile stress-at failure across the reduced-section,ar, and, the Volume'of the disc outlined by the notch. The points are labeled L3,

'LS, L8, 33,.$S5, S8 where the L and S refer to large and small specimens and the
numbers, refer to the nominal theoretical stress concentration factor so that they
may be readily identified. Notice that for each set of specimens, small and large,
the effect of the notch was as predicted by Contention 1; the strength (Ur) decreased
as the notch became more severe. q

,Now consider-the points S8 and L8. From these points we see that the effect
of the notch with a given stress concentration factor was not the same on two
geometrically similar but different sized specimens. The small specimen with a
stress concetration of 8 was stronger than the large specimen with the same stress
concentration factor. This can also be seen' to some extent on the small and large

specimens wita a stress concentration factor of 5. The reverse effect is Seen for
the specimens with a stress concentration factor of 3; however, in this and the
remaining analyses more emphasis will be placed on the results cbtained with the I
sharp notch specimens than on the. results obtained with the other specimens. It is
believed that the stress analysis and other assumptions become more accurate and
applicable as the notch becomes, more severe ; however, the notch given the stress
concentration factor of 8 was the sharpest that could be machined in this material.

Now let us use the results of Neuber ' s stress Fu.alysis to obtain the theoretical
stress av (maximum) at the root of each notch. This is done by multiplying the
nominal stress across an-unnotched portion of tkue gage (a'n) by the appropriate
stress concentration factors. The factors used here are the ones directly from
Neubers' analysis and are not corrected for the sharp outer corners of the notch.
These points are plotted as triangles in Figure 33. The volume used here is again
the volume outlined by the notch. The points show to a greater degree the
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different effect of the same stress concentration factor on different size specimens.
Note that the curve faired in to approximate the results of the small specimens
has the same general slope and shape as the Weibull streigth -voume curves in the
vicinity of smaller volumes; whereas, the curve 'aired in for the large specimens has
the general slope and shape as the Weibull curves for the larger voltimes.

The data and calculations presented thus far do not agree to any
great exten~t with. the Weibull extrapolation to small volumes as reported
in AFML-TR -66 -228. The strength values taken using only the area of the reduced
saction are well below the predicted tensile strength values. By neglecting the4effect of the stress concentrations (aVn), the volume effect appeared to work in
reverse. By using the peak stress [av (maximum)] as the strength value, the
potnts fall above the straight line through the original data, but still generally below
the Weibull curves. The volume calculation at this point Is more intuitive (or
geometric) than theoretical, but is the type of calculation that is easily made and
is not as bad as it might first be supposed. Later we will return to a better
defi ition of the volume but first consider the general nature of stress intensification
as predicted by Neuber and how th: volume might be determined with more
theoretical or realistic basis.

Weibull-Neuber Analysis - Figures 34, 35, and 36 are contour maps of the
stress distribution inthe vicinity of the various notches. Shown on each figure is
an outline of the specimen under consideration along with the u-v coordinate systemI! used for the calculation of the stresses. Irthe vicinity of the notch root, lines are
shown which represent a constant value of v where av is the stress perpendicular
to a line v = constant and On i the jiominal Aress in an unnotched portion of the
gage. The smallest value of : v shown is 1.5. This corresponds to a - value of
1.0, where Or is the nominal osress across the specimen at its smallesrsection.
It is felt that Or is more meaningful from a maLtr.ial's standpoint than On , but
Neuber has usel On in the derivation of his equations. Neuber's analysis also gives
the values for u here au is the stress perpendicular to lines. = cone'tant. This

stress is essentally a radfal stress created by the p&esence of the notch. Figure
37 shows a composite stress distribution where both v and qu are given for allr V fa
of the notch configurations. This distribution is taken along a radius extending
from the root of the notch toward the centerline of the specimen. We see here that
tru

vznever exceeds 1. 0. Accor-duig to Weibull some "stress a" which takes in account
both tressez av and au should be used; however, because of the relative magnitudes
of "av and au in the vicinity of the notches only a v will be used.

- dConsider now Figure 34, the stress distribution for the small notch. The
scales shown on the figure are for the S8 specimens. The L8 specimens
are 2j times larger in all dimensio s concerning the gage portion. Table
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shows the values obtained from the calculations of volumes subjected to
different conditions of stress. For example, the volume of material in
the S8 specimen which is subjected to a, stress ...x. >2.0 is 0.0028 inch3 .

This volume appears as a washer whose cross-Ati:o*n is outlined by the
curve al= 2.0 in Figure 33.

an

The problem is to select that volume and stress meaningful from the
point -of view of the Weibull theory. To select a fixed condition for determining
the volume under stress for each specimen would not be very appropriate.
For instance, to select as the reference volume that volume for which V > 4

would be meaningless for a specimen whose notch gave a stress °n -

concentration factor of 3. In the same way to chose a volume for which _'v  1.5
would not be meaningful for a specirmen where the notch gave a stress an -

concentration factor of 8. To illustrate this, refer to Table 4. We see here that
the average value for a, for the as ground S8 specimens was 10, 840 psi. Then
a v = 1. 5' (an) = 16, 300 psi, but the so Called "zero stress" from one set of
data in0 AFML-TR-66,-228 was 21, 500 psi. Hence to consider the volume for
which 1. 5'using this data would not be meanirgful.

One method of selecting the volume of material that is subjected to stress
range that will cause fracture is to define a "damage stress" below ultimate
and above which failure is an inevitability. This damage stress has been
observed here recently on different beryllias where the regular ultimate strength
from normal tensile experiments was 100 percent (about 19, 000 psi), the ultimate
strength after 20 to 40 stress cycles to 70 percent of regular ultimate was
reduced to 85 percent regular ultimate, the precision elastic limit (first
detectable departure from elastic response) was 70 percent of regular ultimate,
and initial irreversible creep was detected at 40 to 60 percent of regular
ultimate. Thus, below 40 percent of regular ultimate, the material behaved
elastically and exhibited no creep failures.

With this background in mind, one of the specimens made from the hot
pressed alumina used in this program was cycled 6 times to about 50 percent
regular ultimate and had a subsequent ultimate of 55 percent of regular
ultimate. Thus this material also zppears to have a damage stress.

The damage stress may be related to a kind of supercrazing that is a
combination of micro and macrocracking that invades a volume of the material
before fracture proceeds and starts at well below the ultimate. This nonelastic
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behavior at such a low stress is alarming since it challenges the use of the
elastic theory in. many applications such as study of beams, fracture energies
and crack propagations; however, there is mounting evidence from the point
of view of mechanics. For example, in addition to the above cases, gross
macrocracks are found in the tail ends of broken tensile specimens, flexural
tests suggest blunting of peak stresses as an explanation of deformations and
strengths being higher than theoretical, and many broken tensile specimens of
some berylias and some aluminas have rounded ends and long (.") sections
that have pulverized to a powder upon post mortem inspection.

Admittedly, all of this information requires extensive confirmation in
extensive programs directed to this, end. However, let us. use this damage
stress (50 percent of ultimate) as a method of selecting the volume in the
notched samples that may- be used with the Weibul. analysis. That is, let us
compare the Neuber stresses with the Weibull strengths, selecting the Weibull
volumes as those subject to a stress greater than 50 percent of the peak stress.
This means that the volume for the notches with a stress concentration factor
of 3 would be defined as that volume subjected to a stress greater than 1.5 of
an. For a stress concentration factor of 5, the Weibull volume would be that
volume subjected to a stress greater than 2.5. For a factor of 8, the volume
would that subjected to a stress greater than 4. Since this volume results
from a damage stress, perhaps it is a critical volume that is related to the
material, the peak stress and the stress gradient.

The results of this approach are shown in Figure 38 where the stress
values used are the theoretical peak stress at the root of the notch. Note that
the points fall fairly close to the curve predicted by Weibull's strength-volume
relation using the constants determined from the small volume, uniform gage
tensile specimens (unnotched). The volume of this specimen was 0.031 incl
which is comparable with the volumes being used here.

It may be only fortuitious that the selection of these volumes and the use
of peak stresses gave values that agree closely with the Weibull curve. The
criteriafor the selection of the volumes was based on observed phenomena for
some ceramic materials; however the decision to use peak stress in place of
some other value was somewhat arbitrary. In an actual design problem it would
be difficult, if not impossible, for one to be sure he was making the right
choices as to the volumes and strengths. Also the calculations involved at this
stage of the development are laborious and tedious.

One other approach is to calculate the risk of rupture given by Equation 5,
but this would be quite involved for most stress distributions. This approach
was attempted but did not yield any useful information.

24



Consider now the flexural data. Assuming the moduli in tension and
compression are equal, the average flexural strength was 35, 300 psi. Using
the volume as that volume between the center load points and subjected to
50 percent of the peak tensile stress, the data point is shown plotted on Figures
33 and 38. The point is seen to fall in line with both the data from the uniform
tensile specimens and from the notched tensile specimens indicating true elastic
behavior.

From the above discussion and reviews of all data, it is seen that both
volume and stress concentrations affect the strength of brittle materials, and
that neither of the major contentions regarding notches and brittle materials
was completely correct. The actual case seems to be somewhere between the
two extremes. It is also seen that the Weibull and Neuber analyses can be applied
to the problem to a certain degree. As more data become available, the extent
to which these relations may be used will become more evident. At present, it
appears that simpler calculations of the type discussed in the section of general
results will provide meaningful information.

Fractology - Each specimen was examined individually after it had
been run. As was mentioned earlier, two of the large specimens (L3) fractured
outside of the notch. No visible flaws were detected. All other specimens broke t

in the notch and the fracture planes were flat. Because of the sizes of the notches,
it was difficult to determine the exact location of the fracture planes, but their
location did vary and did not always occur at the root of the notch.

CONCLUSIONS

Most of the specific conclusions were included in the discussion of Data
and Results; however, there were several important conclusions which should
be summarized and emphasized.

For graphite it was demonstrated that a total of 30 tensile specimens could
be used to statistically characterize the strength properties and more than 30
specimens did not appear to increase the accuracy to any degree. As few as 5
specimens gave good results tha could be used for many applications. Notches
in graphite specimens reduced the nominal strength considerably at 70°F and
40001F; however, at 5000°F the notches had little effect probably because of
"plasticity." The peak fracture stress in the notched graphite specimen was on
the order of 11,000 psi (Kun) for this small volume. A volume effect for graphite
was observed. Finally, general sense was obtained for the strengths obtained by
different test methods including a ro- ad rod, square rod, sleeve and flexural
specimen.
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For alumina, several observations seem particularly important:,

1. Over a range of 5 to-25 rms, surface finish had little influence on the
strength of either notched or unnotched tensile specimens, nor upon the
flexural specimens. This is contrary, to- a dramatic effect of rougher

surface finish on strength of other aluminas evaluated here. Thus the
fracture may indeed be initiating internally at these finer finishes,

2. The strength of the flexural specimens was not influenced by using sharp
or rounded corner3 at the tensile face. This also is contrary-to other
experience here and may have resulted from the, quite sma i grain size and
the fact that failures were initiating internally.

3. The tensile and flexural strengths were in fair agreement when compared
on the basis of equivalent volumes as determined:by a "damage stress".

4. The nominal strength of the notched specimens was reduced to about 40
percent of unnotched ones.

5. The volume effect existed for notched specimens in that the smaller ones
were generally stronger when comparing similar stress concentration factors.

6. A combination of Neuber and Weibull analyses does apply to notches in that
there was general agreement in the peak stress predicted by the Neuber
analysis and the strength predicted by the Weibull analysis for a reasonably
selected volume.

7. The Weibull volume was reasonably well defined in the notched specimens
as that volume of material encased by stresses at over 50 percent of the
peak stress [av (maximum)].

8. Evidence accumulates that these brittle materials experience a "damage
stress" at over 50 percent of ultimate strength.

9. Assuming that the Neuber analysis is correct, this alumina (in small
volumes) had a strength of over 80, 000 psi. This infers that the material
has considerable potential for strength enhancement.

For both the graphite and alumina, extrapolation of the strengths to the
values observed for volumes of 0.3 mil fibers provided unusual agreement. The
difference in structures between the polycrystalline and fiber bodies is such
that the agreement probably is fortuitous.
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Figure 1. Gas-Bearing Tensile Facility
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Figure 2. Schematic Arrangement of Gas-Be.iring Universals, Specimen, and
Load Train
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Figure 6. Cutting Plan for Block of ATJ Graphite
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Notes:
1) All diameters must be true and concentric to within 0. 0005 In.
2) Both ends mue t be flat and perpendicular to the q, to withfn 0. 0005 in.

3) Do not undercut radii at tangent point.
4) All dimensions are in inches.

Figure 8. Urnotched Graphite Tensile Specimen
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PJ
0.250 i"

Grooves 0. 003 in. deep 0.450 1
by 0. 030 in. wide equally 0. 100 R
spaced on each end

Stress t p
Concentration

Factor In. in.

3 0.024 0.024 1

5 0.024 0.006

8 0.024 0.002 i

Figure 15. Small Volume Alumina Specimens with Notch &
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ConcentrationI

Factor in, in.

3 0.053 0. 063

5 0.063 0.016

8 0.083 0.005

Figure 16. Large Volume Alumina Specimens with Notch
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Alumina Specimen [

A Figure 17. Schematic of Gripping Arrangement for Notched AlumIna Specimen -
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Notes:
1) AU diameters must be true and concentric to within 0.0005 in.
2) Both ends to be flat and perpendicular to j to within 0.0005 in.
3) Do not undercut radii at tangent points.
4) Sureace finish of gage section to be selected after specimen is

machined to final configuration

Figure 18. Unnotched Alumina Tensile Specimen
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Figure 27. Comparison of Desired and Actual Notch Configuration
for Notched Graphite Tensile Specimens
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TAbLE'l

ULTIMATz TZNSILE STREWGTH FOR UNVTCIED ATS GRAPHLTB SPECIMENS

Bulk, Stress tiltlrato
Teqmnperatwdc Derwty Raic Totwile Strength4 Lo Dig ' Dtwo -ISpciv gmlec pkI/sec a

WMthGrain 70A-rn6-2 1. 724 325 4130
'10 A-rn-5 13 325- 3820
10 A-c-S1  1.745 325 4380
'10 A-I-7? 1.734 325- 3830
70 A-m-O 1.761, 525 1620
70 A-e-1 1.756, - -

170' A-rn-12 1. 7n 325 3900
70 A-i-14' 1.722 325 3270

70 B-n2 1.717 325 3420
70 B-c-3 1.1729 325 3480
'10 B-4 1.758 325 4470
'10 B-4n-S 1.748 325 4400
70 * B-e-8 1.147 325 4640
'10 B-rn-9 1.735 325 3530
710 B-c-li -1. 748 325 4020
70 B-ww-121  1.737 325 =60
70 B-c.iS 1.715 325 380

70 C-e- 1.709
70 C-rn-2 1.704 325 3830
'10 C-a-4 1  1.73 325 3430

70 C-rn-5 1.1725 325 410b,
70 C-1-7 1  1.715 325 3380
70 C-e-8 1.734 325 3800 V
70 C-m-9 1.729 325 4100
70 C-c-10 1.721 325 3820
70 C-e-il' 1-73$ 325 4350
70 C..ni2 1.723 325 3120
70 C-c-IS 1.711 325 4030
70 C-i-14 1:M0 325 3560

70 D-rn-2 1.608 325 3800
70 D-m-51 1,718 -
70 D-c-6 1.710 325 3370
70 D-4-71 1.707 325 430
-70 DOrn-9 1.723 325 4100
'70 V~-~M-I2 1.722 325 4380
70 D-c-15 1.715 S 4330

70 ~ ',1 1.893 325 4000
70 9-mn-2 1.691 325 3190 -

70 B-c-S 1.8138 325 4200
7c B-rn-S 1.707 325 4180
70 r.-c-ol 1.701 325 3M7~
70 E-i-I' 1.009 325 3480
70 E-e-81 1.716 325 3800
70 E-w-9 -1.112 325 4420
70 E-rn-12 1.717 325 4100
70 E-1-14 1.702 323 4100
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$ - -TABLE 1 (CONT)

13ulk Stress Ultimate
Temerture Denty Rate Tensile Strength

Lotding Direction OF______ Specimen &/lcc polisee PSI

70) F-041 1.690 325 5200
70 Fm2 1.687 525 3820
70 P-e-4 1.703 525 41001 70 Pr-s 1.101 32& 3480j 70 7-c-62 1.628-110 1~ 169 32 2
70 -nS 1.12i 35, 4500
70 F--l 1.721 -525 4239D

0 70 F-M4-2 1.715 5 25 4180
-7P-i-14, 1.702 525 M49

70 G-M-2 1. 001 325 3780
70 0-c-3 1.680, 325 4200
70 G-e-4 12100 325 3520
W 70 -c-O 1,606 525 42:0
70 G-1-7 1  1.698 525 4i%
70 G-e-8 1.,703 525 324
'70 0-jn-9 .1.707 325 4440
70 G-640S 1.703 325 .42C0
70 G j-1 1. 715' -

70 -rn-1 1.731 325 550
70, C-c-13 1.700 325 3780
70 G--144 1.702 325 4w0
70' l-e-82 1.7105 -

Average 90

400 B-e-i 1. 698 325 4300-
400 H-m-2 1.699 525 5400
4000 H-e-41  1.119 325 5250
4M0 li-r-5 1,716 325 5400
400 H-c-O 1-713 325 4720
4000 H-c-10 1.712 525 500
4000 u-m-12 1  1,4018 325 4030

Average NW

500 H-c-S 1.005 525 6450
wf -i7 1  1.703 525 6700

wo00 W=~-9 1.712 525 6700
Z0H-11i 1.703- 325 6100

0i0H-c-IS 1. 702 325 0550
500 -Ik-14' 1.704 325 7100

1-Specimen failed outside of the gage section.

P2

2Specimen, inadvertently broken during handling,
SSpecimen borken during machining.
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TABLE 2

REIULT F iNOTCHED GRAPHTE SPECIMEN TENSILE EVALUATIONS

Bulk

Temperature Density an
Loac&ig Directloh. ,F Specirt_ gmlcc pBi psi

1 Gan70 A-c-S-n3  1.716 -
70 A-e-8-n2  1.764 -

o70 B-c-6-n 1.735 1730
70 D-e-1-n 1.704 1830
70 D-C-3-n 1.693 1780
10 D-e-4-n2  1.729 -
70 D-e-8-n 1.729 1610
70 D-c-10-n 1.715 2020

ii,. 70 D-e-11-1? 1.732
70 D-1-14-n 1.709 2170
70 -c-10-n 1.108 1560
70 E-e-11-n 1.724 1650
70 -c-13-n' 1.708 -
70 F-c-13-n 1.706 1760

Average 120

4000 A-c-10-n 1.737 2330
4M0 A-c-13-n 1.732 2130
4000 B-,-7-n 1.729 2320
4000 B-c-10-n 1.733 2180
4000 B-,-14-n 1.727 2320
4000 C-c-6-n 1.715 2540
4000 F,-e-4-n 1.717 2130
4000 F-c-10-n 1.711 1880
4000 G-m-5-n 1.700 2300

Average

5000 A-e-1-n 1.728 4110
5000 A-e-4-n 1.773 4130
5000 B-e-l-n 1.716 3460
5000 F-c-3-n 1.685 3820
5000 G-e-1-n 1. 6S7 3480

Average 38- 5700

"Specimen inadvertently broken during handling.
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° TABLES3

AVERAGE TEN1SILE STRENTK, STANDARD DEVIATION, COEFFICIENT
OF VARIATION, AND VWEImULL MATERIAL CONSTANTS'FOR

-SUBSETS OF SIZE N FOR UNNOTCHED,AT.T GRAPHITE

a m a a/c m  m u o

10 3960- 480 0.122' 7.30 0 200

4040 370 0; 092" 8. 63 00 2400
3820' 470 "0.124 1.39 3000 150
3800 300 0. 078 11.-16 0 2990
4130 -300 0. 071 7. 83 1600 1,700

15 '383W 330- 0.085 it. 43 0. 2900
4030 310 1;076 5.4i6 2400 120,

3910 300 0. 077 11,65 " 0 3000
3880 430 0. 110 1.61 3SO0 970

20 4040 310 0. 076 3.25 3000 270
3870 36o 0.093 2. 07 s0oo 550
S940 330 0. &91 11.18, 0- 3000
3850 320 0.'084 4.1I7' ,2500 160
3920 440 0.113 3.237 2400 180

so 3970 370 0. 093 7. 32 1400 160
3950 410 0. 103 1.68 l00O 2200

, 4000 420 0. 105 9.05 400 2500
4010 360 0.9039 11.93 0 3100
3950 360 0. 092 3.48 2700 210

S40 3950 380 .097 5.64 1900 100

3950 380 0. 097 3.26 2700 220
3930 360 0. 092 4.69 2300 1203990 360 V. 091 A.81 2000 1100

- " 55 3950 370 0. 093 4.43 2400 120

N 68
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3820. 47 0, .124 1.9 00 5



TABLE 4

TENSILE DATA FOR THE NOTCHEDALUMINA SPECIMENS

Stress Conientratici Factors

Specimen- Condition of -n a Or h o.
Size Notch Surface Specimen psl pW Specimeni pali 1 psi Specium Pal pal
Small Polished. 790-I ,13,500 20.600 790;-L 13,800 21.200 I90-J 16,200 24,700
Sml -8 is 800-38 20,200 31,100. 714-30A 14,000 21.400 774-32 11,600, 17.700

790-L 23. 400 $5, 800 826-42 1- 900 24,400 7907M 3,600 20.800
82841 16,100 24.600 826-44 13,100 20,000 800-36 11.500 17.600
774-3. 16,900 13,90 21.300 10,200 15 600
826-44 17,100 28; 200 790-1 12,100 18,5001 82-4 10.700 16, 400
774-32 19.700 S0;i00 774-33 10;100 15,400 828-43 12,800 19.300

Average W18,4 74-0
Statrd De aton '3,230 4,980 -1.010 2,800 2.040 3.090
I iwff1i lnt of VArlattoi 0.179 Ol79 0.137 0.137 0.168 0.168

Large PoUshed 7I0-2 ig. 000 24~700 826-42 13,900 21,700 770-5 7,900 12.500
-8 raie 808-3i 0. 00 26.,00 008-8 11.400 17. 900- ' 808-0 7,800 12,2i00

770-2 I1, OL 29.,400 808-11 10,500 1o, 5W 88-10 8,400 1,o0o
r 06.IoM', 1O,5 ,900 70-5" 10,100 45.800 826-4 8.700. 13,700
826-41' 0)9 30,500 M70-4 10,300 16o100 808-39 7.700 12,000
e08-9"- 1,400 30,300 808-42 10,500 18,.00 026-49 7.700 12,000
826-50 1..0o 32,800 82848 13; NO 21.206 800-38 7.050 11.000
M.0037 1-7 JO 27,800 800,3 12,800 '20.100 M7-3 .150 12.600

- V 77-2- 29.600
Average fl7U3 ni *'WT

W s d HDev oion ,.;0 1.970 1,550 2;,420 P00 1;060
Ctifh . .t of V-laluo, e ?067 0.087 0.133 0.133 0.082 0:082-

small As Ground 826-41' lt,600 .28,400 774-209 11.700 17.'900. 800-34 12,200 18,700
-t5rmsi 790-b 10,300 29,600 790-3j 11,700 17,900 774-32 10,200 15.800680- 35 M,100 28,100- 820-41' - 790-K 10,500 16,100

774-32, 19, ,20¢ 28,000 808-1B 9.850 14,800 90-1 11.500 17,600
800-35 10,AW, 28,100 800-32 13,100 20,000 774-30 10.900 10;70082C-460 - 80,0-31 12, ODD0 01, 400 800-31 10.100 15, 500
790-0 790-K 1.600 17. 00 790-J- 11.400 17'4.00,
790-A , - 800-34 10,10 15.500 00-32 9.950 15,300
790-4 *1iM0 2M200

Average ' , IIF-. 12300 -I V -0M 0
Standard Deviation ' 402 .781 1,170 1,770 800 1.210
Coefficient of Vaiiati ;(1. 626 0.026 0.101 0.101 0.074 0.073

Large As Ground 800-38* 18.90 '25,000 808-42 12,100 10.900 826-52 7.040 11.900
-. 25 rine 774-24 1f,,7i* 28.100 790-D 13,100 20,400 800-41 7,560 11,800

774-22 210 ,19.600 .774-25 12,400 19,400 770-3 7.300 11,400
7734- 4 - 826-53 10.800 16;900 "8-Z 7.700 12,000
77 4-122 M O 27; 400 774-"5 9,750 15.300 80-50 7.980 12,500V ep808-4 qap0 ! 0(j ,600 808-11 11.400 17,900 10-6 7.760 12,100S820-48 10A 0 -25, 800, 826-UP - 808-4 8,.430 13, 200

S800-4Z#$ 1H,, 4, O00 808.9OT 808-7 7. 700 12,000
" -, ViO-PI 2': 7, 400 800-43* -

I800-410

. iandard,De.viation 1, TO, 2, 720 1. 200 1, 840 329 535
Coeffl"n of Vai'litio 11 0,41 P,10 0.103 0.103 0. 043 0. 044

< |1. Specimen slipped in'grip before failur.
2. Specimen pulled out of grfp,.
3. Strain #ge was attaihed to ejzimen.
4. Bearing bottor~ed during run,. '

, " -'" 5. 8peimen failed outside the notch,.i
0. Specimen Inadverte ntly b rken while bfrU placed fn load train.

i " ,. V~. Lost zero omi AcordLng equtpment. <

K .~ 69
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TABLE 5

ALUMINA-TENSILE DATA FROM UNNOTCHED TENSILE SPECIMEN
)FOR SURFACE FINISH STUDIES

Surface Finish Tensile Strcength
Condition of Specimen. Speeimen Numer- ribs, Psi

Polished 5- -8 '36, 000
I- rms 758.4 8 38,000

758-9 6-4 36,000
4 - -* 8'27 4-6 39;,300

830-G, 6-8 40,500,
Average 3,0

- - As Ground
-25 rms 758-5,' 27 40,300

0758-6 23- 41,800
-~758T-7 23 35,000

810-30 25 40,800
810-28 25 37,7100

-- Average 3,0
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TAB3LE 8

ALUMINA FLEXURAAL DATA FOIR UNNOTCHED SPECIMEN,

Tensile Strenigth
(FlIexural) E-in,108

Condition of Specimen- Specimen Number Locaition,,of Break psi psi

Square-.Corners; As, 792-0 Midspaa - 31,400 55.5
Ground, 774-27 Midspan 35, 0 4

-. 25-rms 766-18, Midspan 39. 100-
798-8, Load Point 35, 800 -

792-W Load Point 32. 500-
Average

Square Corners; 794-28 Midspan 35,300 52.3
Polished 788-5 Midspan 374049.8

-8 rms 794-25 Load Point 43,800-
790-H Mid'span 34, 700
768-6' Midspan 30,00

Average 39,
Bound Corners; As 774-26 Midspan 35,000 6 9.2
Ground 764-12 Midsoan 26, 100 48.0

-;.25 rrs 766A8 Mis 8.,500
,794-24 Load Point 40,000
792-T Midsoan 33, 200'

Average345

Round Corners; 794-31 Midspan 28, 600 45.3,
Polished 794-24 midspan 38,000 47.0,

-. 8 rs866-8 Midspan 29, 200
790-H idpan 40,000
770-14 Midsp~n 42,800

t Average

'Average gas-bearing tensile value was 32-100 psi.

~Average gas-bearing tensile value was 32, 20psi.
3Average gas-bearing tensile value was 27, 500 psi.
4Average gas-bearing tensile value was 28,300 psi.
Averages noted in footnotes 1, 2, 3 and 4 were for parent
tensile specimens which had larger volumes. Specimens
which broke in the radius or where a visible flaw was fotind were
not included in tensile averages.
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TABLE 7

VOLUMES OF MATERIAL IN NOTCH REGIONS SUBJECTED TO STRESSES
AS SHOWN FOR ALL NOTCH SPECIMEN CONFIGURATION

SMALL SPECIMENS (NOMINAL DIAMETER -0. 250,1n.)
VOLUME IN 10'i.

> 1.56 2.0 2.5 -3.0 4.0

Kt

3 0.6 0.28.

5 146'' 0.34, 0. 12 0. 094

8' 1.35 0.37 - 0.379 0. 022

LARGE SPECIMENS (NOMIINAL DIAMETER -. 0. 625-in.)
VOLUME IN 10 -2in.3

--- > 1.5 2.0 2.5 '3.0 4.0

Kt _ _ _

3 1.38 -0.44,I .2'0.51 0. 23 0.15

18 2. 11' 0.59 -0.12 0.035

72



REFER ENCES

1. W. Weibbll, "A Statistical Theory of the Strength of Materials." Ing.I

'Ventenskaps Akard Handi. No. 151'. Stockholm (1939).

2., W. Weibufl, "The Phenomenon-of Rupture in Solids." Ing. Ventenskaps
Akard Handl. No. 153. Stockholm (1939).

3. W. Welbull, "A.Statistical Distribution Function of Wide Apolicabit.'
J. Appl. Mech. 18. pp 223. 1952.

4. HReinz Neuber. "The Theory of Notch,! cress." AEC -TH -4547.

5i C D. Pears, andH. S. Starrett'. "An -Experimbental Study of the 'Weibull

Volure Theory,," AFML-TR -6 -28. June 1966.

'73



APPENDIX A - GENEIRP LSTRESS-STiAIN.EQUATION WN CA-RTESIAN
COORDINATES

0 A PPENDIX B -THE FLOA TED SLEEVE TENSILE TEST

APPENDIIX C -FLEXUBAL ANALYSIS
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APPENDIX A V
GENERAL STRESS-STRAIN EQUATION IN CARTESIAN COORDINATES

The equilibriam conditions are

Bor ay~ av, 7zOx + + 0
C

+ + =0

ax + -a y + -z I 0o, ,

Using Hooke' s Law the relatiobs between the stresses andkstrains are
given, by the equations

I ]
EY LE  - m-( +%-f1~ 1 '1

cry a- -( + or)]

o1 1 1
Sxy G ' xy Y yz G "'yzG (2)

The cubical dilation. is defined to be the sum of the principal strains, and it is
invariant under coordinate transformations so that

e ex + Cy +  z (3)

Using equation (2) this may be written as j

e., e = a-

oI



Consider the-equation

ax +x  cry -- --- .(

E 41
" °-11_ _ _ _

oil = E ( m r'x - -- .......

or

(e. e,'~~~~~~ -, 2 '. (x

Now G = so that ,(5)-:. . 2(1 + -)1

e

Also '2 2(ex, + e

"' z = 2GlEz ,+- -) (6)in-2

Let , ,., and be the displacements in the x, y,. and z directions,
respectively. Then

A°H eXY a )c +  y ° y ~z oy+ ° =  +  (7)
89 an81 8

y ex E y ' ys ED ya (. Z

Using these equations along with eqaation (2) ancd. (6) and substituting into
the first equilibrium equation

a-2x + +

76



yields

4 ,

yieldse -v2 2 2,2  -

9* + + + + 2 a 0

+ a -2 oz? ax a T a

0 &e

m r 2  ax X 0

alo An ( 8th-2 8ay 0

+ -2 

'wheree+-+-

Thp solve equations (8), let 0

2G9 --- +2c* UO

F 2 (9) 

2GK + a0
where
F iS a three dimensibnal.siress function
a ris a constant
03. 02, and 0. are harmonic functions of x, y, and z

The relation between the stress function and the harmonic functions can be
shown to be

20 20 20(2= 2 (A 2 + p + - ) (10)

Let

0 F=0 0  X 1 03 +z0 (11)Z'0 - -

where 00 isa harmonic function

o . .. 77
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; i o Then

8 0 - 8 0 8 o

. ... .e 4

yj o + __ 1 ,

°'," °°-so that

42(1 -

"" ° ;The stresses may be written as follows

SI.a.

[:! , ~It can be shown that one of the four harmonic functions (0o, , ,
:o °and, 03) may always be set identically equal to zero. It iS immaterial which

-
o  

-- of the four is used.' .. . .

° TWO;DIMENSiONAL STRESS PROBLEM

' oi' I)  ~ Immediatelidtily zeoset 0jece= O Now, so that F -F (x, y) ory i, must be

Swhere

'"/0 00o= ~(k' Y)

, 0 - 0 . Y)(

Then

4' 4 . @o'

-OF

2G9th2at
Ox(--.'.(3

2G42 __8

X '~ a a

4. 78



-fes eiq tixi corsphl a p~an stand4i

lii6 to let

00 6 0

+ ,

(6 -il

- ~~~ '.. 0 (20)

_id , crres-bpn oa me tri onii

~~~,br Znipbe ofy (22)ict e

6 6~

co - -
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Now

AF Ft I -rg 25)

so that

V = AF' -j F , (I--)As

1 0F' 1 (6)J m m

The above relationships for the stresses O*x.,. 0 y, andxy can be
shown to be valid for the plane stress condition also.-

Then the initial equations -for a two-dimensional sresss prblemare

F 00 
+ x02

where

= C0 (x, y)

0, = OL(x, yY (27)

and

A0 0  = A = 0

The 'boundary conditions for a nonfoaded boundary in. two dimensions
are expressed by the relations

8 F =O constant

8)F
OF = constant (28)
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-I-many problems it is. more covenientto deal with, a curvilinear-

coordinate system rather ,thian a rectiinear one. trhis is espocizilly true
when dealing with bodies tat .-ave, a- curvedsurface. By usinga coordinate

system, whose coordinate lines dtid planes outline the ,body .under consider-an, 'it.is generally-easier todescribe and Satisfy the. pattern of the stresses, .
whichact.on the surface. This discussion will be limited to orthogonal

systems, since they are simpler and, are the most commonly used." . .

Consider a set -of thr-ee independent functions of the Cartesian,variables, .

x ,.y, z,A.mplicitly defined by the, equations

Ax,:xu, v, W) - ,

-Z. Z (us . , (29.)

then..the intersections of, the s~rvaceS

~u= constant -

: V =constdant "

~w, content "

Li

- pair by pair determine the coordinate lines of the curv-ilinear system, and
the intersections of the coordinate lines determine a point (u, v, w). The
u-directio, is understood to be, thediretion normal to the surface u-constant

eand positive ine the re sipthe increasing values of u. Similarly for he
Csenthv and C nadirections.

s-"y ---Deformation

The displacements in the u, v, and wirections will be labeled U, V,,-
..kh and W, respertively. In terms of the x, y, z displacements , va, and

.

the Un ter s ns of thentrd e lin aw

-- u-ircto i udesoo t b-th dretinnoma t-th srfc uc81tt

and positivein the diretion of theincreasing aluso 1 iial o h



pf.3

c. -u- x3' +' - 21L

-. 3. '8 w w TN

I :3 -t ,+ -

hu 8 u

2' Y

a 2~ OZZ z2

23 (31)

These i are sometimes referred to as "factors of distortion." The strains,

EiUs c v, and-e can be ishown to be given by 'the equations

1u aU V 8 hu W __hu

Eu~ (1 _ + -- t -8 1 -

u 7 F - -4.v

hv u,0 h uv + O-W

hw uau , )"

041 And the shearing strains are given by

hv Ov hu hu.8u hv

Vw=hVa V h

,'.3 Ow iv#hw

7WU hw aU W~ + i h hU (33)
flu .. u +,4 hw w (JL

82
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i Since, the, cubical dilation is invariant trader coordinate transformation, it
is given simplyas " "

e =U + Cv +, 034)-

Stresses 
o

By H9dke's, Law the stresses are giveo-,by

2G-- -,cu

a v  x, 2G (' ' e )

'a (E + e '(5)

A ,,A

Consider now thcb -ca uation o the stresses in terms of the stress function 
• F and.the harmonic functions , jL. 0., and 0.. Usinag equation (30) and (9) wecan wreimpya

GU -'- e x + #

e2G = --E , + v +E (34)€ +

!, Now B fr o k ' a the s u t res o ea rofe i e s by e uto s(2 nd( ,i .

+2 0 +( + +02

• 2 '('b1  "G(E a+v --2 )

bu u-T

2Gv 32G(Ev 8"e8v
yA

-02 G w 03) (36)

cTuv w~v T vw OI FWG 0

Fo and the irsoni equnctions of eand of Uhesing o equation (3) and (9)w

[h a F Ox OBy + Oz +0

OF Ox y z 18h i
2GWuF[av + za(1 -v+ + (36) V '

2& (01w 2-+0 l

a wOFhw

83
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'Io at a -I 1 - F ,hu 1 t

a) ' - O Yh-

+ - - +!

4 '2

u I)SThis8 ay6be Write as
C'_

+ u -"g.uv -+ uuhw -  uhw2

I.1OF 1 vFO u 1 OF hu
h-'' Jo 2u -'-

• Baiu -au Ou Ou

1 Ohu. z 1 Ohu ax

+2a 0 .2u ; _- iz + ahuV -v huW

+2a~ E (i~7T )+jj2 7'a aw a7
2Ge

2 1

" Now 2Ge=(-jj)AFandjj- - - sothat

'a.. F_ 2Ge =(I" ax

al 2 "-)AF (37)

j. and
We 2~A (37)Y+~s~.

in ~ 2 2

+ 2a a x + 02 a + 0a + (I -2 ) At (38)

where

a - A.8(1-8)+! 8hu ,. + 1 8hu 8
a nul hl 8u u u hu h- y Ow aw (39)

Consider the special case where.

° L = copstant C 0

-0 
= -xC 0

['2 84
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C' A - - AC -ilo%

Then 00 + xO)L + Y02 + Z03s = 0

2G + 2 ----- -L

,=0

All points of the body are displaced in the same direction for the same distance, i

There are no stresses or deformations; hence from the above the'coefficient of°
0'. must be zero, that is . ,o

A--'u -

ZC x

z0

In asimilar manner it can be shown that u an- must also be zero,

Hence U "

u F 2 xI . , _- i +, u 1u _ (40) u-.-

An identical procedure to that used above can be usedto show p

2F + 2x a,( y.

a -- + 802 3 Y + 8"0' & 1+4 a

V v OV aw --- au + ( )AF (41) ,

-2vv 8 WW-TT -W~ 8w W a Waw 2

and

817,abl~ huhv au Dv Ov Ou Ou ay av Ou

+80 az+a O
8A u Va (43)

a -F
o1 + + ,L + aX .a ay817V wa Oti !; Ov Ow Ow Ov av 1w Ow -'v

Ov 8w 8w ev (44)

Tu8 2 F + 8 a __X+g 0028

wB'u hhu w u u w w gTi #u aw

+8w _U~8 O w (5
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~a h

+ Th -

to obai
2'2

. : ,,where

4. .-. A,: 13_ ,L. -h

.. he a °, I- Ov h+2 +v " 8y+

an j7 U710 uF Ov'u j it

M + R " ) y + 1- v

.o ° : To, determine the form of the operator A use equations (30), (32) and (34)

w--' (,___'

8 2  F+ (47)

'From, equatioi, (9), it can be shown that

2Ge -AF+2xa + A + L(48)
By equating t~rms that do not contain a one obtais

.F ' 2F 8 4F

AF:j +4 +D

071 2 0vr 2
: o -AL + +"'w (49)

This may be written

1 f"- hvhw ) 8 (hwhu ) +w (tuhv 0 (50)

~h uvw Tu h u O~ v hv v Ow hw Ow-)

4., ... 86
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+, + -Y +I Lz )+a

yeqIn tpemstharonain ~ln stns eqatins in ardt(48)aw cobtainats

thF pln2.tese were gie bteeiato

arnither pale maine snlee Cse ansis inratesi ta c-ordnaTeis

simplifies the calculations-considerably. When-ti-=O there is no differene
between the state of plane ctraih, or plane stress, and the three dimensional
stress condition. Under this condition z is independent, It is then possible to
use the express4ions fir the three dimensional strtess condition and the- equations.-
previously derived.-for the-curvilinear co-ordinates e~cept that the stress
function F may-be a function of- only two independent variables

F 3F(u, v),(2

The equation for the trans-formation from rectilinear co-ordinates to curvilinear

co-ordinates are

x a x(u. v)
y -yAu, V)
Z' 'W (53)

Then

'ax0

hw l (54)
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And the stresses -ar6 given by

8F

8,;F
-. 3j ~ OfU (55)

44 Or writtenr out thfese become

uhv v hv iv h-i u-

8(1 F I Zh *187

iV h 0 1 OF 1 hu DOF =V-, (56)

a OF I a hu aOF
v- C -uh hu2hvOr8

'If -if is 'assumed that the equations of transformations satisfy the equations

a xby and S x-B
T Ou 8v v 8, u (57)

then

h~:1 (58)

Th buday oditions become

OF 1l8x OF 1 ax ZF
~X h1~2  u bu fy vO

I OxF +O~~)(59)

OF: 1 1)y V +-.1 By OF

u 18 u Ou jByy
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where - ,

)F = constant andF = coistant along an- Unloaded boundary. 6ax Oy K .

The A operator takes the form - 6 o

" A- + °T (lO' -2
6 <>

and-the-equation

zil .0 6 -.

is the equivalent to

42 _0 !i =0 (61) t
S*U2 + ay 2

which simplies the task of findingjheharmonic functions.

Shallow Cirtumferential. External Notch

For the mathematical treatment let "' :

x= r cos 6

y =r sin 0
Zf

Then-hI r I, i o = r2, and hw I andthe A - operator becomes

2

+ 4) +y a + a2
ITY r r -7"- OF2

Then-

, AF =2(ir cosG+ 0 sinG)+ [0 (-rsin)+ a (rcos 6)]

AF, -2 Or cos+ Or sin -0 80 88+2(01%

80O Or 0, sinG 0+Cos 0
2 Si 0 -- iar c au 0 _

89
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TOP -,8M 0 r -r+

9 Fr; r 71W

82 82
<C7

-~~ 
&F Il8a1 1 2

Or' OO rr r 0 os)

<C - 22

rC C, OF 1-1

rr -- +t si Or + OrCs0+ 32rc
r r Or Or'<IIF

Ow (1

'Cnrde no ar 89

Consdernow pue tensile load.

- whiere

Arbitrarily set 01 0 since, only three harmonic functions are needed. Theni
02"abecause of rotational symmetry

F a + z 03 
1

so
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THE FLOATED, SLEEbVE, TE NSILE TEST

A new testing technique hAsbeen developedhere in which~a test sleeve /",
ofeither uniform or varying wall thickness is fitted 0ith~tapered:,end plugs
that do. not actually contact-the cylindrical specimen :thus permitting internal
gas-pri'ssure- loading without axial or any other restraint such, as that "imposed ,"
,~by ;a bladder., The pressurizing,, gas is.-.erwitted to leak out-the ends through ;o

i ;" a clearance gap of about 040005 inch so that a "ggs- bearifigl principle is used • ;;
but is-now more properly palled, a "gas-floated-sleeve." During a run., the .
clearance 'gap is, ma'intained, fairly uniform dhd -constant as the cylinder expands ;

' by a gap-ppsitioner that maintains. a pr'ogrammed torque ohl the ,stud connectinig !

the apered end plugs.. See Figure I for a schematic 0f the apparatus, It,seems ,
reasonable that this apparatus- could be modified,fdr use to 45000F by preheating. '

tthe gas (it wll take 80 kw)---and, installing the entire system inca furnace. For '
biaxial stress studies, axial loading undouibedly Can be applied to the gilds
through a gas film. This would require flats on the ends of the plugs to match
the ends of the s pecimens., !,

sevei~al experimental.,runs have-been made, onATJ graphite, (for with i
i i grain hoop ,stresses)at 700F with results as, shown in Table 1. The average burst
; strengths for sleeves with A 40,rail wall thickness were 3490., psi~and 3657 psifor
{specimen lengths of inch-and I inchi respectively. The aver age burst sti-engths .

: for larger sleeves with 80 rail wall thickness were 3315 psi-and"$225,psi for speci-
e;'; men lengths of j inch and 3' inch, respectively. These strenths -are about 8

S -q

to 10 percent less than obtained on our gas-bearing system where -compared
i? at equal volumes. More, work is necessary to explore other ratios of "

.d~imeh~sions- for the specimens ,and particularily to see if the corners that exist
i on these specimens might explain the somewhat lower values.

: For, a preliminary look "at the 6orhier effect on the, sleeves two cylinders
. _ were made .with 80 rail wall thickness over the center one inch of IlMoth and

, then an increasing wall thickness to 93 mils at the ends. This, geometry Would,
reduce -the, stress at ,the, ends by about A6 percent as comparedto the middle.

' S~urprisingly .at first, the bursting stress was only 3115 psi or slightly less "
' than the value-,of 3025 ,psi obtaiUnedz ti he~inchl sleeve with the same length
/ ... and auniformS 0 mil wall thickness. The thickness of the wall at the ends I "!

" was increased even more to 110 mils sib that the stress at the ends was about
_ 3~7 percent less'thdhat the center and, again, 'the bursting stress was 3150 psi !1

o or slightly'lower than for a uniform wall thickness.,
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Table1

Burst Data- on ATJ Graphite Sleeves '
(All, Sleeves, Had ID of 2 Inches)

Wall Thickness, Lerngth Pressure Tensilen V04e~iks'

0'.040:4 140 3640 1W
0.040 120 3120o
0.040 145 3770

000132 3430
Average 0.125

0.040 134 3480
0.040 j. 18 2810,

JAverage, 3145' 0.125

06.040 1 i44 3740
0.040 1, 146 3640
0.040 1 .138 39

Average 3M0.25

0.0OO ~ 285 3740 C .3
4__0.080 . 20 2890

Average 3M.25

0.080 3250 '3290 .

0.080- 3 240 3160 '13

Average, I .8a.

0.08P 3 235 30902-K'0.080 3 253220-
Average h

0.-080 3 '210 2750
0.080 3 270 3550'

Average 35

'Inner face, sealed with plastic tape.
?"I Strain.gages -attached at center and',~ inch from end to measure circumferential

strains,.
JOne -inch of ends tapered up to 0. 093 1 1ch wall thickness.
4One inch of ends taperedup to 0.,110 Lich wall thickness.
5burst pressure in psi.
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°'' ;4PNDIX.

Befering to Figure,.6 in, the main body Of the report,. it ca'n -be seen that
! "-the average MOR of the fl(.Xural specirnens appeared to be 15-20 percent higher

than the c~jrretpondngteh~sile values. One reason for this could havebeen the
° • volume~u s e d t o r th( flexural-' specimen; however, only. the smallest tensile

specimen (0. 0015 in,.' ) h'ad astringth 0reparable to the flexural ,.pqci en's MOR
_ : !i value.

* More pirobably the differences between the MOB and tensile strengths are due
itothe method ofcaldula ting . the MOE. The usual, equation,
"Mc

i which azqsume; the material is perfectly elastie in tension anTd compression dd
" the elas'tic moduli in tension and compression are the same, was used.

2 -It is well known that f~jr - g r a p h it e these assumptions are not satisfied. The tensile
" stres:5-strain curve for most graphites at 701 F has an init ial linear portion, then a

= "slight b:reak, and a fiaal portion that usual-yc'an be considered linear, The
comptessivd stress-strain curve is usually linear for the range of stresses

: o -. encountogred in a flex.ural spetimen; however, the tensile modulus is usually
" - - greater'than the co rapressive modulus at ,70F.

< " ~F - F!ure 1 is & schematic of the cross-section of the flexural specimen whose
- : :"MOE values are shownt-on Figur'e 26 of the report. The specimen dimensions were

' , 0. 250 in. by 1.00 in. by 6in. :long and the span lengtths were 41.n. by 2 in. 'The
. solid lite onFigure 1, shows the classical, s tresdistriLution. As aklreadY mentioned,

I -the stress-strain curves for tension and- the difference in tensile and compressive
i .. moduli would c-ause the stress distribution to chanige from this classical repine-

->-sentatioi.- First, let us 'consider the effect of the, two influences separately.

SThe nonlinearity of the tensile stress -strain, curve wpuld c ausep a shift in
/ the neutral axis away from the centroidal, axis. If the initial 6lastic moduli in

. tension and compression were equal, the shift would be toward the-compressive
o " side of the beam in order to satisfy the relation

*o f yordA = I

0A
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Now if the tensile stress-strain curve was, linear, but the tensile and,-
compressive moduli were different, then, the neutral axis shift would'be toward
the side with the .greater modulus. For this graphite, the shift would be tow:.d .
the tensile ,side.

Thus, for a combinationof the two, the neutral axis would shift only
slightly or possibly not at all. Strain gage measurements, by this laboratory
and other laboratories on the tensile and compressive faces of graphite and
graphite-like materials,have shown that the strains recordedon the opposite
faces were essentially the same. This is as would-be expected with no neutral
axis shift and with a linear strain distribution.

Now returning,'to Figure 1, the dashed line represents a stress distribution
basedon the tensile stress-strain-curve for ATJ graphite. t was assumedthat
the neutral axis did not shift. Using the relation of equation (1) and assuming
the compressive stress-strain curve was linear, the ccmpressive distribution
wascalculated. Note that the ratio of the initial s:,5pes 'for tension, and compression rig
sides is about 1.35 which agrees with experimentai measurements of tensile and
compressive moduli. The applied moment calculatdd for this distribution from the
equation

yO'yd = M (2) 1'
had a value of 45in.-lbs. The required moment to produce the classical MOB Value
used in prior Figure 26' Was 48 in. -lbs. This is good agrement. Thus the maximum
outer fiber stress can be 1i percent lower than the value calculated from the, classical
equations.

The above discussion points up some of the probable causes for disagreement
between, MOB and tensile strength values and the fallacy of using a flexural-test I
for tensile strength. At elevated temperature above 4000°F for most graphites),
the problem becomes more acute.
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